INTRODUCTION
The rising interest in developing smart grid and renewable energy encourages the decentralization of traditional power systems; making the grid structure more flexible, reliable but increasingly complex. Therefore, the networking of distributed generation and regional power transmission require fast and reliable power control to achieve flexible management for the power system [1] [2] [3] [4] [5] [6] .
The voltage source converter (VSC) based flexible ac trans mission system (FACTS) uses self-commutated devices to realize various functions such as voltage magnitude regulation, reactive power compensation, and power flow control [7, 8] .
For VSC based FACTS devices, the most commonly used candidate is the static synchronous compensator (ST ATCOM), which is applied to offer reactive power compensation to the grid and maintain the voltage amplitude during long distance power transmission by shunt type compensation. Nonnally, its maximum reactive power absorption is defmed by the current limit of the power switching devices used in the VSC; while the reactive power generation limit is constraint by the available dc-link voltage to synthesize the maximum ac side voltage behind the phase interfacing reactor or transfonner. Therefore, the low dc-link voltage utilization of the two-level VSC, constrains their ability to generate the necessary ac voltage and inject sufficient reactive power to the grid without raising the dc-link voltage or using high step-up transfonner. In this way, the reactive power rating of ST A TCOM tends to be asymmetrical [9] .
Consequently the control range of conventional VSC based STATCOM is largely constraint by the dc-link utilization. To improve the ac side voltage in two-level VSC, the use of space vector modulation (SVM) improves the DC utilization by about 15%, offering a limited extension of the power control range [10] . This limit is imposed by the hardware constrain that the instantaneous value of ac side voltage in two-level VSC cannot be extended beyond half the dc-link voltage. In [II] , the ac side voltage doubling (ACVD) converter is presented to circumvent this hardware constrain with twice dc-link voltage utilization compared to the two-level converter.
This paper assesses the suitability of ACVD-VSC applied as a ST ATCOM, where it is able to synthesize higher ac voltage from a given dc-link voltage, surpassing the dc voltage limit and approaches the current limit for reactive power generation, in contrast to the conventional two-level VSC counterpart. Thus, the reactive power generation range of the ST A TCOM can be achieved using the ACVD-VSC. Also, in the proposed solution, the negative dc bus can be grounded without introducing any dc voltage stress to the transformer neutrals.
II. ACVD-VSC WITH DOUBLED DC UTILIZATION AND

COMMON MODE VOLTAGE SUPPRESSION
The schematic of the ACVD-VSC is shown in Fig. l(a) , and its detailed converter level analysis are presented in [11] .
Compared with the conventional two-level VSC in Fig.  l(b) , an LC cell is inserted into each phase of the ACVD converter to achieve an advanced voltage transfer characteristic. Taking phase 'a' for example, the operation of the ACVD-VSC can be described in two modes as follows:
when Sal is on and Sa2 is off, output voltage is generated at pole 'A' relative to ground. This mode creates a zero loop that comprises inductor Las and capacitor Cas for charging the capacitor with reversed polarity relative to Vdc . Fig. I(c) . The ACVD-VSC has an output voltage range ± Vdc, and the average voltage at the ac side neutral point of the ACVD-VSC is equal to the real ground (zero) of the dc-link; while the two-level converter output voltage ranges from 0 to Vdc, and AC neutral point voltage equal to y:'Vdc• Consequently, in the two-level VSC, the dc-link is usually split into two with the mid-point grounded to suppress the dc common mode voltage. In summary, the proposed ACVD-VSC has doubled the output voltage range of the conventional two-level VSC, and its ac side neutral point has zero de common mode voltage relative to negative terminal of the dc-linle, which, practically, can decrease the insulation level of any associated transformer compared with the two-level VSC when the negative terminal of dc bus is grounded.
ICRERA 2015 III. PERFORMANCE ANALYSIS AND CONTROL SYSTEM DESIGN FOR ACVD-ST ATCOM
The operation of ACVD-STATCOM is analyzed. Fig. 2 shows the system diagram of the ACVD-VSC configured as a STATCOM, where Bo is the slack sending bus, and B] is the PQ (load) bus. The STATCOM being studied is connected to the point of common coupling (PCC) through its phase interfacing reactor Xsh and a shunt interfacing transformer T,h with a turns ratio of N.
Neglecting the transformer and phase interfacing resistance and assume the transformer leakage reactance are combined with the phase interfacing reactors X,h' If the PCC voltage V g is input to phase-locked-loop (PLL) and aligned with the d-axis, since no active power is exchanged between the grid and the STATCOM dc side except for negligible internal losses, the converter voltage vcd,q, shunt current idq and injected power P,h+jQsh are expressed by (2) and (3). V gq
The STATCOM generates capacitive reactive power to the grid when Ved is larger than v g iN. Assuming a fixed de side voltage Vdc and m is the modulation index, the output voltage of the ACVD-VSC is m Vde compared to Y:,m Vdc for a two-level VSC. Therefore, for grid connection, a shunt transformer with turns-ratio of 2N is needed for a two-level converter.
Further, if an active source or energy storage device is connected to the dc-linle, the STATCOM is able to exchange active power with the grid, and the bidirectional d-axis current and active power flow in the shunt branch is determined by (4). Practically, the power control range of an active sourced ST A TCOM is constraint by the current limit of the power switches (the under excitation region) and the maximum synthesized voltage on the converter side for reactive power generation (the over excitation region).
To compare the power control range between the two versions of STATCOM (ACVD-VSC and two-level VSC based), the same dc-link voltage and the same current rated power switches (IGBT or IGCT) are assumed. Since the ac voltage is doubled in the ACVD-VSC, according to [II] and with same power rated devices, the maximum current of ACVD-VSC is Yl to Y:, of that in the two-level VSC, depending on the power factor (Y:, for zero power factor and Yl for unity power factor). Also, the shunt transformer T,h has half turns ratio of two-level VSc. From (3) and (4), the power injected to the grid for ACVD-STATCOM is % pu to 1 pu varying with the power factor. The control ranges of the two versions of ST ATCOM are clarified by Fig. 3 , where the arc of the circle and ellipse are the power switch current limits of two-level and ACVD solutions. However, in the right half plane where reactive power flows into the grid, the voltage amplitude is the key limitation for the two-level VSC (ac peak voltage below Yz Vdc) . Thus, at maximum reactive power generation point, the current limit is usually not reached. On another hand, for the ACVD scheme, the converter terminal ac voltage is doubled. From (3), the reactive power generation range of the ACVD STATCOM is significantly extended with a better possibility to reach the pre-defined power device current limit ellipse that leads to a symmetrical control range. Practically, the STATCOM is mainly for reactive power compensation (without an active dc side source). From Fig. 3 , the increased horizontal length for the ACVD solution show its extension of the reactive power control range. This advantage is because the ACVD converter uses higher voltage and lower current (compared to two-level VSC) to transfer a given power. The control diagram of the proposed STATCOM scheme is summarized in Fig. 4 , where the PCC voltage Vgabc is the PLL input to get the reference angle e and iahc is the shunt current. In the dq frame, the outer layer dc voltage controller and reactive power (PCC voltage amplitude) controller are used to generate the direct and quadrature current references respectively. The inner layer current controllers generate the dq commands of the ICRERA 2015 converter output voltage. Also, in this layer, the proportional resonant (PR) controller is used to eliminate the 2n d order component generated by each LC cell [12, 13] .
A. Inner Layer Fundamental Current Controller
The voltage transfer ratio of the ACVD-VSC is defmed as m=2-l/d, and d is the duty cycle of upper switches. Then, the differential equations describing the ac side performance are show in (5) and (6), where k ip and k i i are the current controller proportional and integral (PI) parameters.
To facilitate control design in state space, the PI controller integral terms are defmed in (7). Substituting (6) and (7) into (5), the state space equations for direct and quadrature axes are achieved in (8) . With Laplace manipulation, the d-q current loop transfer functions are identical and clarified by (9) , which is employed to tune the control parameters. From Fig. 4 and (6) , the voltage command Vcdq * for the ACVD-VSC can be set by the PI output and feed-forward terms expressed in (10).
(10)
B. Inner Layer 2nd Order Current Eliminating Controller
In [11] , it was shown that the ACVD converter inner cell introduces 2n d order harmonic distortion to the ac side, which can be eliminated by adding a parallel decoupling control loop with the same structure as the fundamental loop but counter rotating at twice the fundamental angular frequency.
In this paper, a PR controller is employed in the inner layer to suppress the 2n d order harmonic current. Compared with the method in [11] , PR controller can simplify the overall control design and enhance the dynamic performance since it does not 4th International Conference on Renewable Energy Research and Applications Palermo, Italy, 22-25 Nov 2015 require large bandwidth, phase and gain margins, as with the proportional-integral method, to ensure stability [12] .
The modified PR controller for (11) is adopted practically, where k2p is the proportional coefficient, k2r is the resonant gain, OJ] is the angular frequency of the 2n d order harmonic (the quantity to be controlled), and WE is the bandpass window width used to avoid the potential system instability caused by frequency quantization drifting and roundoff error. (12), 11 can be generated by the outer layer dc voltage controller in (13) , where the integral term is denoted as Fdc . Then, the state space equations of the dc voltage closed loop is expressed in (14), and by Laplace manipulation, the dc voltage transfer function is achieved as (15). (16) produces the direct current reference.
In Fig. 4 , the quadrature current reference is set by the outer layer PCC voltage amplitude or reactive power controller as in (17). The gains for these controllers are determined using a trial-and-error searching method to realize the optimal time domain performance for overall system. i ; = k ac/l v;Jcc I -I v p ccl ) + k ac i f (I v;Jccl -l v p ccl )dt The ACVD-VSC specification is listed in TABLE I, while  the parameters for the shunt interfacing transformer and the ac  power grid are shown in TABLE II and TABLE III. In this test, the ACVD-STATCOM injects variable reactive power into the grid, when: The simulation results when the STATCOM reactive power command varies according to these conditions are displayed in Fig. 5 . Fig. 5(a) shows that the STATCOM reactive power output tracks the reference and almost zero active power is exchanged with the grid. The voltage amplitude at PCC varies with STATCOM reactive power injection into the grid as in Fig. 5(b) . In this simulation, zero reactive power exchange between the STATCOM and the grid is achieved at 0.7 modulation index (modulation index is defined based on the full dc linl( voltage). Also, the STATCOM maximum reactive current limit is set to ± I kA (equivalent to ±315A referred to the grid side), which is implemented as saturation at the output of the reactive power controller that defines the reference shunt current within the control block.
As a comparison, in the conventional two-level VSC case, the zero power injection point should be equivalently kept at a modulation index of 0.7. Since modulation index is defined based on Y:, dc-link voltage for two-level VSC, as in Fig. I (c) , its converter side ac voltage becomes half of that in the ACVD converter. This means the shunt transformer voltage ratio of the two-level STATCOM should be twice of the value specified in TABLE II to adapt the grid voltage. Fig. 6 summarizes the reactive power control range for the two-level STATCOM superimposed on that of the ACVD-STATCOM. The two-level solution exhausts its full modulation linear range (reaching its reactive power generation limit) before the ACVD-VSC based STA TCOM, and the injected shunt reactive power range of the ACVO-ST ATCOM is much wider and nearly symmetrical compared to two-level solution, see Fig. 6 (a) and (b) . With equivalent parameters for the two VSCs, zero power injection points of both ST ATCOMs occur at 70% of their linear modulation range; and the ACVD-VSC has a wider voltage variation range around its zero power point than the two-level version due to its doubled dc-link utilization. Therefore, the extended reactive power envelope of the ACVO-ST ATCOM in over-excitation region where it generates capacitive reactive power to the grid is verified as indicated in Fig. 3 . 
V. CONCLUSION
This paper presented new STATCOM configuration that uses the ac side voltage doubling (ACVO) converter with higher power density than existing topologies. It has been shown that the proposed solution is able to offer the following advantages: has been increased, extending (nearly symmetrically) the reactive power compensation range without recourse to increasing the dc link voltage, as needed with half-bridge solutions.
• The power density is significantly improved with the ACVD converter, which means more power from a given DC link voltage.
• ACVD FACTS devices do not expose their interfacing transformers to DC stress even if the negative terminal of DC link is grounded.
• The same relative results are retained if triplen injection modulation approaches are employed, although a distortion compensation loop is needed with the ACVD-VSC method.
